Objectives: HIV drug resistance is a major concern as the emergence of resistant strains of virus results in failure of first-line therapies with an associated increase in the cost of subsequent regimens. Genotypic resistance is currently assessed by direct sequencing and cannot detect resistant species below 20%. Realtime PCR amplification was assessed for its ability to detect the signature mutation for nelfinavir, D30N.
Introduction
HIV drug resistance is a complex and multifactorial phenomenon. It is the consequence of mutations that emerge in the viral proteins targeted by the current antiretroviral agents 1 and is a major cause of therapy failure leading to elimination of therapy options, 2 with an associated increase in cost of therapy. Worryingly, recent evidence suggests that 1 in 10 new infections are with resistant strains of virus. 3 Genotypic resistance is currently assessed by sequencing techniques, which allow detection of mutations in the viral genome associated with decreased sensitivity to antiretroviral compounds. 4 However, conventional sequencing techniques do not detect resistant minority species that circulate at low levels. 5 Determining the role of minority species in the development of drug resistance is essential.
Real-time PCR has previously been used for the detection of HIV reverse transcriptase and protease resistance mutations such as K103N and V82A, respectively. 6, 7 In this study, we describe the development of a sensitive real-time PCR assay for the detection and quantification of the D30N mutation.
Materials and methods

Clinical isolates
Ten PCR amplicons of known sequence derived from patient samples were obtained from HPA, Birmingham, UK. Nine were 30N mutants and one was wild-type (WT).
Generation of nelfinavir-resistant HIV-IIIB species by in vitro passage
MT-4 cells (0.5 Â 10 6 ) were infected with HIV-IIIB at a multiplicity of infection of 0.001 (2 h), washed and resuspended in the presence of nelfinavir (a gift from Roche Pharmaceuticals, Welwyn, UK) at an initial concentration of 20 nM. Cells were incubated (378C, 5% CO 2 , 6 days), and successful infection verified by observation of cytopathic effects. Viral supernatants were used to infect fresh cells in the presence of increasing concentrations of nelfinavir (final concentration 180 nM). Following each incubation, culture supernatants were frozen (2808C) and stored for subsidiary analysis.
Reverse transcription-nested PCR amplification and sequencing of the protease gene RNA was extracted from the viral supernatants using the QIAgen viral RNA extraction mini kit as described by the manufacturer. RNA was treated using the amplification grade DNase I kit (Sigma, Suffolk, UK) prior to reverse transcription using Taqman reverse transcription reagents (Applied Biosystems, Warrington, UK) and standard methodology. Nested PCR amplification was conducted in 50 mL volumes containing 1Â Taq buffer, dNTPs (100 mM each) (Invitrogen, Carlbad, CA, USA), MgCl 2 (2.5 mM), Taq DNA polymerase (2.5 U, Eppendorf AG, Hamburg, Germany) and nucleasefree water. In addition, for first-round PCR amplification, INF and INR primers were included and for second-round PCR amplification, OUTF and OUTR primers were included (200 nM; Table 1 ). Following an initial denaturation step (5 min), samples were subjected to 30 cycles of denaturation at 958C (1 min), annealing at 658C (1 min) and extension at 728C (2 min). PCR amplicons were purified using the Amersham S-400 purification spin columns as described by the manufacturer prior to sequencing. All sequencing was conducted by Lark Technologies Ltd using an ABI 3730xl DNA Analyzer.
Construction of a standard curve for real-time PCR amplification of the 30N mutation
In order to create a positive control, WT-PCR amplicon (HPA) was cloned into the pGEM-T vector (Promega), according to the manufacturer's instructions to generate pGEM-T-WT. The D30N mutation was then introduced using a Quick Change Site-Directed Mutagenesis Kit (Stratagene) and the primers are shown in Table 1 . Successful mutagenesis was confirmed by direct sequencing using the INR primer (Lark Technologies Ltd). The mutated plasmid was purified using a QIAgen Mini Prep kit and quantified using PicoGreen. The concentration was standardized to 0.2 ng/mL and a standard curve containing 1%, 2%, 3%, 4%, 5%, 10%, 15% and 20% mutant protease was constructed by dilution with the WT construct. This standard curve was co-amplified in parallel to each real-time PCR amplification for quantification of the D30N mutant.
Real-time PCR detection of minority strains
The WT sequence and sequences from clinical samples carrying the D30N and other mutations were aligned in order to identify relatively highly conserved regions of the protease gene for primer design. Primers and allele-specific probes were synthesized by Applied Biosystems (Table 1) . In order to avoid non-specific binding of the 30N probe to the WT DNA, a probe-blocking primer was added to the 30N amplification reaction that had the same sequence as the WT probe (unlabelled). Probe-blocking primer was added at a higher concentration to that of the probe for two reasons. First, for minority species WT DNA was by definition present at higher concentrations in the sample and second, enhanced specificity allowing greater sensitivity was attained (data not shown). Primers and probes were also designed for conserved regions of the gag-pol gene (avoiding D30N and other mutations) in order to quantify total viral copy number in the samples.
Real-time PCRs were carried out on the Opticon Monitor thermal cycler (Bio-Rad, CA, USA). Each reaction (25 mL) contained 1Â Universal Master-mix (Abgene, Surrey, UK), 54 mM primers, 15 mM probe, 54 mM probe-blocking primer, nuclease-free water and DNA (5 mL). For amplification of total DNA, a probe-blocking primer was not required. All amplifications were carried out in duplicate for standards and samples. Following annealing at 948C for 10 min, 40 cycles (30 s at 948C, 30 s at 68.58C and 30 s at 728C) of amplification were performed. Quantification was allowed by plotting the DC t of the standard curve mixtures [cycle threshold C(t)D30N2C(t)total] 
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against log D30N percentage. The intra-assay variability was assessed using 10 replicates of high and low D30N concentrations (20% and 4%). For inter-assay variation, five of each sample were also assayed in three distinct reactions.
Results
Curves for D30N standards are shown for total and 30N amplifications in Figure 1 (a) and Figure 1(b) , respectively. The limit of quantification of the mutation, estimated from the standard curve (Figure 1c ), was 4%, whereas the limit of detection as observed from the real-time PCR trace (Figure 1b ) was 1%. Coefficients of variation (CVs) for intra-assay variability of the 20% mixture were 13.1% and 0.2% for 30N and total amplification, respectively. For the 4% sample, CVs for intra-assay variability of 30N and total amplification were 12.9% and 2.4%, respectively. For inter-assay variability, the CV for 30N amplification was 1.9% and the CV for total amplification was 5.7%.
Of the 33 isolates derived from serial passage, 20 were found to contain the mutation (30N), 4 contained a mixture of the WT and the mutant (30D/N) and 9 were WT (30D) by sequencing (Figure 1d ). When analysed using real-time PCR, 22 30N, 3 30D/N and 8 30D isolates were detected. Of the nine isolates that were negative for 30N by sequencing, one was found to contain the mutation at 4.4% by real-time PCR. Of the four isolates designated 30D/N by sequencing, two were shown to contain the mutation at 12% and 16% and two at levels above 20%. Furthermore, all nine 30N amplicons derived from patient samples were found to contain the mutation (30N) when tested by real-time PCR.
Discussion
Real-time PCR assays have previously been developed for the detection of M184V, K103N, L90M and V82A. 6, 7 However, an assay for detection of D30N, a mutation associated with nelfinavir treatment and resistance 8, 9 has not been reported previously. In clinical and in vitro studies, 10,11 detection of 30N has been carried out by direct population sequencing, the detection limit of which is estimated at $20%, 12, 13 precluding the detection of minority species.
In this study, real-time PCR was assessed for its ability to detect and quantify the D30N mutation. A number of sequences of the gag-pol gene were aligned, in order to design primer and probe sets. Primers (specific to conserved regions of the gene) and a 30N-specific probe allowed the detection of the mutation as low as 1% and quantification as low as 4% of total viral DNA. This methodology is based upon allelic discrimination, which is routinely used for identification of host single nucleotide polymorphisms. 14 -16 However, since humans are diploid, the ratio of one allele to another at any given position will never be lower than 50% (one copy of each allele per chromosome). Therefore, in order to utilize this same chemistry to detect minority species of virus as low as 1% of the viral population it was necessary to include a blocking primer in order to minimize binding of the mutant probe to WT sequence at low mutant sequence concentrations. This approach was found to maximize specificity and sensitivity of the assay without compromising predictive power. When the assay was assessed for its ability to detect 30N minority species (generated by in vitro serial passage), the mutation was detected in one isolate (at 4.4%) that would have been missed by sequencing. Quantification in isolates reported as 30D/N by sequencing was possible revealing the presence of the mutant at 12% and 16%. Furthermore, two of the 30D isolates harboured the mutation at levels above 20% further highlighting the insensitivity and inability to quantify using sequencing as they should have been characterized as 30D/N.
Several studies have reported minority resistant species in the early phase of therapy failure and that the emergence of predominantly resistant quasispecies is seeded by pools of minor variants. 17 -19 The inability of conventional sequencing methods to detect mutant populations at a frequency of less than $20% of the total viral population limits their utility in this important area of research. Here, we describe a sensitive assay for the detection and quantification of the 30N mutation at a frequency as low as 1% of the viral population providing a tool for further investigations into the development of nelfinavir resistance.
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